Single-crystalline CeRh 3 Si 2 was investigated by means of x-ray diffraction, magnetic susceptibility, magnetization, electrical resistivity, and specific heat measurements carried out in wide temperature and magnetic field ranges. Moreover, the electronic structure of the compound was studied at room temperature by cerium core-level x-ray photoemission spectroscopy (XPS). The physical properties were analyzed in terms of crystalline electric field and compared with results of ab-initio band structure calculations performed within the density functional theory approach.
I.
INTRODUCTION
The phase diagram Ce-Rh-Si comprises twenty five ternary phases with well defined crystal structures [1] . However, physical properties have been reported for only a few of them, namely: CeRhSi 2 and Ce 2 Rh 3 Si 5 (both described in the literature as intermediate valence systems [2] [3] [4] ), Ce 3 Rh 3 Si 2 (exhibiting complex long-range magnetic ordering [5] ), CeRh 2 Si 2 and CeRhSi 3 (antiferromagnetic heavy-fermion systems [6, 7] ). The two latter phases are known as pressure-induced superconductors [8] [9] [10] [11] . While in CeRh 2 Si 2 the superconductivity seems to replace the antiferromagnetism [8, 9] , in CeRhSi 3 it develops deeply inside the ordered state [10, 11] . Most interesting, the superconductivity in non-centrosymmetric CeRhSi 3 involves spin-fluctuations-assisted triplet pairing [11] . In the context of recent findings for the Ce-Rh-Si ternaries, comprehensive physical characterization of other (hitherto unknown or hardly studied) phases from the system seems quite desirable. To the best of our knowledge existence of CeRh 3 Si 2 has for the first time been reported by Morozkin et al. [12] , yet without any crystallographic or physical data. Then, CeRh 3 Si 2 has been found as an impurity phase in polycrystalline CeRh 2 Si 2 [13] . In the latter study it has been established that the compound crystallizes with an orthorhombic crystal structure and exhibits an antiferromagnetic phase transition at T N = 5 K [13] .
Here we report the results of our investigation of the crystal structure and the basic physical properties of CeRh 3 Si 2 performed on single-crystalline specimens in wide temperature and magnetic field ranges. The experimental characterization is accompanied by the results of ab-initio calculations of the electronic band structure. Short accounts on the work presented in this paper were given in conference communications [14, 15] .
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
A single crystal of CeRh 3 Si 2 was grown by the Czochralski pulling method employing a tetra-arc furnace under protective ultra-pure (4.8N, BOC Gases) argon atmosphere, which was additionally titanium-gettered during the whole growing process. The starting polycrystalline melt was prepared from pieces of Ce (3N, Ames Laboratory), Rh ingot (3N, Chempur) and Si chips (6N, Chempur). The pulling rate was 10 mm/h, and the copper heart rotation speed was 3 rpm. The final ingot of CeRh 3 Si 2 was about 4 mm in diameter and 40 mm in length. From this single-crystalline rod a fragment of about 20 mm in length was cut for experimental studies. The crystal was wrapped in Ta-foil, sealed in an evacuated silica tube, and annealed at 900
• C for 2 weeks. The quality of the product was verified by means of x-ray powder diffraction measurements performed on a pulverized piece of the crystal (Stoe diffractometer with Cu Kα radiation) and microprobe analysis (Phillips 515 scanning electron microscope equipped with an EDAX PV 9800 spectrometer). The entire X-ray diffractogram was indexed with an orthorhombic unit cell, and the sample was found to be single phase. Additionally, a polycrystalline sample of an isostructural LaRh 3 Si 2 compound, being a non-magnetic counterpart of CeRh 3 Si 2 , was prepared by conventional arc melting stoichiometric amounts of the constituents. X-ray powder diffraction experiments proved that the La-based phase is indeed isostructural to CeRh 3 Si 2 .
The crystal structure of CeRh 3 Si 2 was also examined on a small single-crystalline fragment using a four-circle diffractometer equipped with a CCD camera (Kuma Diffraction KM-4 with graphite-monochromatized Mo Kα radiation). Crystal structure refinement was performed using full-matrix least-squares on F 2 as a refinement method and applying the SHELXL-97 program [16] . The magnetic properties were studied at temperatures ranging from 1.7 K up to 300 K in applied magnetic fields up to 5 T using a Quantum Design MPMS-5 superconducting quantum interference device (SQUID) magnetometer. The electrical resistivity was measured in the temperature range 1.5 -300 K employing standard DC four-point technique. Electrical contacts to bar-shaped specimens were made by spot welding. The heat capacity was measured in the temperature interval 350 mK -300 K in applied magnetic fields up to 9 T using a Quantum Design PPMS platform. For these experiments the thermal relaxation method [17] was applied with 2% heat pulses and Apiezon N vacuum grease as a sample mounting medium. The x-ray photoelectron spectroscopy (XPS) measurements were carried out at room temperature with monochromatized Al Kα radiation using a PHI-5700 ESCA spectrometer. The sample of CeRh 3 Si 2 was scraped with a diamond file under high vacuum immediately before recording a spectrum.
The electronic structure calculations were performed with a density functional theory (DFT) [18] using the full-potential linearized augmented plane wave (FP LAPW) method implemented in the latest version (Wien2k) of the original WIEN code [19] . In the Wien2k code calculations the scalar relativistic approach was implemented with the spin-orbit interactions taken into account by using the second variational method [20] . The exchange correlation potential in the local (spin) density approximation (LSDA) was assumed in the form proposed by Perdew, Burke, and Ernzerhof [21] using the generalized gradient approximation. Furthermore, to improve the description of the strongly correlated 5f electrons, the on-site Coulomb energy U correction and exchange J parameters were introduced within the LSDA+U approach [22, 23] . In our case we used U eff = U − J, setting J = 0. Another approach applied by us to reduce the discrepancy between the DFT magnetic moments and experimental ones was taking into account the so-called orbital polarization (OP) term, as proposed by Brooks [24] and Eriksson et al. [25, 26] . The number of k-points was 2000 in the Brillouin zone (BZ), which corresponds to 240 points in an irreducible wedge of the BZ for all methods of calculations applied in this paper. For the BZ integration, a tetrahedron method was used [27] . The self-consistency criterion was equal 10 −6 Ry for the total energy.
The calculations were performed for lattice constants and atomic positions in the unit cell described below in Sec. III A. The theoretical x-ray photoemission spectra were obtained from the calculated densities of electronic states (DOS) convoluted by a Gaussian with a half-width δ equal to 0.3 eV and scaled using the proper photoelectronic cross sections for partial states [28] .
III. RESULTS AND DISCUSSION
A. Crystal structure
The crystal structure refinement (see Tab. I) viewed along the a-axis.
The ErRh 3 Si 2 -type crystal structure was described in detail in Ref. 29 . It represents a deformed superstructure of the hexagonal CaCu 5 -type structure with a = 2c h , b = √ 3a h , and c = a h , where a h and c h are the lattice parameters of the parent hexagonal unit cell.
The characteristic features of this atom arrangement are a honeycomb-like network of the Rh and Si atoms within the bc plane and zigzag chains of the Ce atoms along the a-axis (see moments. The overall behavior of the magnetic susceptibility of CeRh 3 Si 2 implies huge magnetocrystalline anisotropy due to strong crystal field interactions (cf. Sec. III E).
As can be seen in Fig. 2(b) , the inverse average "polycrystalline" magnetic susceptibility in. For the sake of straightforward comparison with the afore-discussed susceptibility data, these experiments were focused on magnetic fields lower than 2 T and temperatures close to T N,t .
As seen, the "devilish" field dependence of the magnetization, observed at 1. As can be inferred from Fig. 5 , the resistivity measured along the a-axis is much smaller than ρ taken along the b-and c-axes. At 300 K, the ratio ρ b /ρ a ≈ ρ c /ρ a ∼ = 4. Moreover, the anomalies at T N and T t are hardly visible on the ρ a (T ) curve. This behavior is fully consistent with the established for CeRh 3 Si 2 very large magnetocrystalline anisotropy, characterized by the magnetic moments confined to the bc plane.
Our several attempts to measure the resistivity of polycrystalline LaRh 3 Si 2 failed because of multitude of microcracks present in the specimens. For this reason it was not possible to extract the magnetic contribution to the electrical resistivity of CeRh 3 Si 2 employing a commonly used method of subtracting the resistivity of its non-magnetic counterpart.
D. Specific heat Figure 6 displays the temperature dependencies of the specific heat of CeRh 3 Si 2 and its non-magnetic isostructural counterpart LaRh 3 Si 2 . At low temperatures a distinct anomaly located at about 4.7 K confirms the antiferromagnetic ordering of the cerium moments in CeRh 3 Si 2 . The overall shape of C(T ) obtained for the La-based compound is in turn typical for non-magnetic metals. In particular, below about 7 K it is easily describable by the formula:
in which the first term is a conventional conduction-electron contribution to the specific heat with γ being the Sommerfeld coefficient, and the second term is a low-temperature phonon contribution in a form of the Debye-T 3 law with the characteristic Debye temperature Θ D , the universal gas constant R, and n being a number of atoms in the formula unit [34] .
Least-squares fitting of Eq.
(1) to the experimental data (see the solid line in the inset to C(T ) of LaRh 3 Si 2 can be described by the equation: In order to estimate a 4f -derived contribution ∆C(T ) to the total heat capacity of CeRh 3 Si 2 , the phonon specific heat of LaRh 3 Si 2 was subtracted from C(T ) of the Ce-based compound. As apparent from Fig. 7(a) , the so-obtained ∆C(T ) exhibits in the paramagnetic region a distinct Schottky-like anomaly due to CEF effect. The thick solid line in Fig. 7(a) represents the Schottky specific heat calculated for the CEF model derived in Sec. III E. Apparently, the model accounts reasonably well for the experimental data, except for high temperature region, where significant quantitative discrepancy is seen. The shortcomings likely arise because of the accumulation of experimental errors (see Fig. 6 ) directly influencing reliability of the subtraction procedure.
Below about 50 K, the magnetic contribution to the specific heat of CeRh 3 Si 2 increases again, and at about 4.70(1) K ∆C(T ) takes a form of distinct λ-shaped anomaly, followed by another pronounced peak, that occurs at about 4.48(1) K. While the λ-shaped feature corresponds to the second-order antiferromagnetic phase transition evidenced at T N in the magnetic susceptibility data, the second feature can be ascribed to the spin-rearrangement at T t . The characteristic spike-like shape of that singularity is typical for first order phase transitions. In turn, the magnetic contribution to the specific heat in the range 5-50 K can be attributed to short-range interactions, which evolve finally into the long-range antiferromagnetic ordering. The latter hypothesis is supported by the temperature dependence of the magnetic entropy, defined as S(T ) = T 0 ∆C(T )/T dT . As can be inferred from of the pure f -electron states. The approach is known to be quite satisfactory for insulating systems, strongly supported by both qualitative and quantitative theoretical studies [37, 38] .
In the Wybourne notation [39] , the one-electron CEF potential of the C 2v point symmetry appropriate to the case of CeRh 3 Si 2 reads :
2 +B 40Ĉ (4) 0 +B 42Ĉ (4) 2 +B 44Ĉ (4) 4 +B 60Ĉ (6) 0 +B 62Ĉ (6) 2 +B 64Ĉ (6) 4 +B 66Ĉ (6) 6 .
where B kq are the CEF parameters, which are to be adjusted to the experimental data and 
In this equation, D
µm (0, Θ τ t , Φ τ t ) is the matrix element of the irreducible representation D (3) of the rotation group, and R τ t , Θ τ t , Φ τ t are the angular coordinates of the nearest neighbor atom τ t expressed in the coordination system set at the magnetic atom site. The index τ distinguishes various chemically nonequivalent atoms and t runs over nearest neighbors τ atoms. Thus, the whole CEF effect is described by three intrinsic parameters e τ µ with µ = 0(σ), 1(π), 2(δ) for each chemically nonequivalent nearest neighbor atom τ . In the present case there are six silicon atoms and six rhodium atoms in the coordination sphere of the radius of 3.34Å. This coordination implies six non-equivalent AOM parameters, three for each nearest neighbor atom. If we neglect e δ and/or tie up e π with one third of e σ (following the rules observed for insulating systems [37] ), four-parameters or two-parameters versions of AOM can be applied.
The Hamiltonian H includes also the spin-orbit interaction:
with the spin-orbit constant ζ 4f equal to 647.3 cm −1 (931.4 K) [40] , and the Zeeman term:
describing the system response to the external magnetic field B:
Following Refs. 41 and 42, the molar magnetization M mol,α and the magnetic susceptibility χ α are calculated from derivative of the free energy F of the system:
with respect to the magnetic field direction α, i.e.:
where
and E ν,α are the eigenenergies of the Hamiltonian given by Eq. 8. The molar susceptibility is defined as:
The CEF parameters in Eq. (−72, 0, 72 K). Besides, several independent initial randomly generated CEF parameters sets (over 230) have been probed as well.
The fitting procedure was same for each of the initial CEF parameters set. First, we fit the two second-order parameters, whereas the remaining ones were kept at their initial values. Then, the parameters of second and sixth rank were fixed at their values determined in the previous step, while the fourth-rank parameters were fit. Subsequently, all the secondrank and the fourth-rank parameters were varied simultaneously. In the following we call this initial step the base phase, in which the general shapes of the experimental magnetic susceptibility curves have been reproduced fairly well, yet some details of the measured curves could not be accounted for.
In the second, refining, phase we included the sixth-rank CEF parameters. Their influence on the thermal properties is expected to be of less significance, as they only determine the CEF admixture of the 7/2 states having energies above 2000 cm −1 (2878 K) to the lowenergy 5/2 states predominantly governing the thermodynamic properties of the compound studied in moderate temperature ranges. This admixture modifies rather slightly both the CEF splitting of the 5/2 state and the matrix elements of the angular momentum operator.
Nevertheless, the mixing may become more pronounced if the CEF effect is strong enough.
Indeed, some preliminary simulations showed that in the case of CeRh 3 Si 2 the admixture of the j = 7/2 states may reach as much as 10% for the lowest states. Hence, we decided to include the sixth-rank states in the refining phase, and as a result the relative root mean square error SQX [44, 47, 48] has dropped from 2.92% to 1.86%.
The fitting procedure of the sixth-order parameters were analogous to that of the fourth order. First, we varied only the sixth-order parameters, while keeping all the remaining parameters fixed on the values determined in the base phase. In the final step all the CEF parameters were varied simultaneously. In each step the molecular field constant λ was also varied.
Most of the probed initial sets of CEF parameters led to stable solutions of three different types. The corresponding fits yielded similar sequences of the CEF levels but distinctly different parameters sets, except for the two second-rank parameters, which appeared to have fairly similar values in each solution. The best fitting results are collected in Tab. IV.
As seen from this table, the CEF effect is generally large and leads to the total splitting of the 5/2 state of the order of 500 cm −1 (720 K) and the overall 4f 1 spitting exceeding 4000 cm −1 (5755 K). Despite the pronounced differences between the parameters in the three distinct sets (only the solution giving lowest SQX is shown) the sequence of levels eV. In turn, the f 0 component is not evident in the spectrum, which implies stable valence 3+ of the cerium atoms. According to the Gunnarsson and Schönhammer theory [49] , the hybridization energy ∆ f s , which describes the hybridization part of the Anderson impurity
Hamiltonian [51] and is defined as πV 2ρ max [whereρ max is the maximum in the density of states (DOS) and V is the hybridization matrix element], can be estimated from the ratio r = I(f 2 )/(I(f 1 )+I(f 2 )) of the I(f 2 ) and I(f 1 ) intensities [50] . The particular contributions to the 3d XPS spectrum can be derived by its analysis in terms of the Doniach-Šunjić approach [52] (the experimental details and accuracy of the method is also discussed in Ref.
53). This way, for CeRh 3 Si 2 one estimates a hybridization width ∆ f s of ∼56 meV.
More evidence for the stable valence of Ce 3+ ions in CeRh 3 Si 2 comes from the Ce 4d XPS spectrum displayed in Fig. 9(b) . Clearly, there is no additional peak at higher binding energies (E > 118 eV) that could be attributed to the Ce 3d 9 f 0 state [50, 54, 55] .
G. Electronic band structure calculations
The band structure calculations were performed using the Wien2k code within the LDA, solution was not assumed in advance. The twelve atoms forming unit cell that was used in our calculations were treated as different types of atoms. The starting magnetic moments were chosen to have opposite sign. The system reached, iteration by iteration, a selfconsistent solution that was very close to the antiferromagnetic state. The resultant magnetization of both sublattices was almost balanced and was equal to about 2x10 −3 µ B per f.u..
In the first step of our calculations, we employed the LSDA approach. The calculated densities of states (DOS) for CeRh 3 Si 2 system are presented in Fig.10 : (a) the total DOS and (b) the contributions provided by 4f electrons located on cerium atoms forming two magnetic sublattices. The valence band can be divided into two parts below the Fermi level (E F ), here located at E=0. The first part located in the range of (-11.5;-7.5) eV is formed mainly by electrons provided by silicon atoms Si(3s consistency between the calculated and experimental spectra is quite good. The spectrum is dominated by the Rh(4d) electrons. The Ce(4f) electrons provide contributions near the Fermi level. The peak located at about 8-9 eV below E F is formed mainly by the Si(3s) electrons (not shown here).
IV. SUMMARY
CeRh 3 Si 2 was found to crystallize in the orthorhombic ErRh 3 Si 2 -type structure with honey-comb-like Rh-Si cages surrounding the Ce ions, which occupy just one inequivalent crystallographic position in the unit cell. The 4f electrons are well localized and experience exceptionally strong (as for cerium intermetallics) crystalline-electric-field effect with significant admixture of two j-multiplets (i.e. 5/2 and 7/2). In the whole temperature range It is worth noting that properties similar to those of CeRh 3 Si 2 (i.e. "devilish" magnetization, complex magnetic phase diagram, strong CEF effect) were reported for a number of magnetically ordered rare-earth intermetallics. Among them one can mention highly [32] and CeSb [30, 31] . All these compounds exhibit several successive field-induced metamagnetic phase transitions, which manifest themselves as a series of sudden jumps between well-defined plateaus of field-dependent magnetization. Detailed bulk direction-dependent physical properties measurements as well as neutron diffraction and x-ray resonant exchange scattering studies have revealed that in all of these compounds one deals with non-trivial field-induced spin rearrangements. In most cases the metamagnetic processes are relatively well understood and described phe-
nomenologically, yet microscopic models were proposed only for a limited number of the systems (for survey see Ref. 57 and references therein). In most cases, the magnetic behavior was interpreted in terms of the Ising model with next-nearest neighbour interactions (Axial Next-Nearest Neighbor Ising model, ANNNI), which (in an ideal case) can produce an infinite number of commensurate phases occurring with an infinite number of steps in field-dependent magnetization, called commonly a "devil's staircase" (for review see e.g.
Ref. 58).
Other theoretical approaches were proposed for TmAgGe [59] and HoNi 2 B 2 C [60] .
The former compound has been found to exhibit some features of frustrated system with distorted antiferromagnetic Kagome-like layered structure. The sequence of field-induced metamagnetic transitions observed in the compound TmAgGe was successfully reproduced using a hamiltonian that describes only (i) relatively weak antiferromagnetic next-nearestneighbor and ferromagnetic nearest-neighbor exchange adopted to the geometry of the system, and (ii) strong crystal electric field effect [61] . In turn, HoNi 2 B 2 C is a magnetically ordered superconductor, which shows at low-temperatures a transition from commensurate antiferromagnetic to incommensurate c-axis complex spiral state with some a-axis incommensurate modulation (see Refs. 62-64 and references therein). Here again the crystalline electric field was taken into account to explain the complex magnetic phase diagram [65] , yet the generalized ANNNI model (a kind of so-called clock model) was also successfully applied [66] .
The microscopic origin of the complex magnetic behavior of CeRh 3 Si 2 cannot be defined at this stage of our study. The most relevant factor governing its strongly anisotropic properties in the ordered and paramagnetic states is clearly unusually strong crystalline electric field potential that yield the total splitting of the 5/2 state of about 720 K and the overall 4f ! splitting as large as about 5760 K. The estimated magnitude of the CEF effect in 
